Abstract-The bit error rate (BER) performance of an Mbranch maximal-ratio combiner (MRC) for the detection of signals in a correlated Nakagami-fading channel is analyzed. Coherent and incoherent detection of frequency shift-keying (FSK) and phase-shift keying (PSK) signals are considered. It is assumed that the fading parameters in each diversity branch are identical. The effect of correlation is studied by assuming two types of correlation among the quadrature components of the signals in each diversity branch. Outage probabilities are also calculated for the digital radio communication systems via the correlated fading channel.
Performance of Maximal-Ratio Diversity Systems in a Correlated Nakagami-Fading Environment that it is quite appropriate to model multipath fading in the mobile radio channel. Diversity reception techniques are used extensively in fading radio channels to reduce the effect of fading on system performance [5] , [lo]-[ 141, including both fixed terminals and mobile communication systems. For example, [ 131 demonstrates that diversity in land mobile radio can be used also in mobile terminals, on cars, and even in hand held portable radios. In order to gain significantly from the use of diversity, there must be a sufficient degree of statistical independence in the fading of the received signal in each of the diversity branches. The assumption of statistical independence between the diversity channels is valid only if they are sufficiently separated [ 1 11. In mobile radio systems the signals at the mobile station become decorrelated as the antenna separation (or frequency separation) increases, giving rise to diversity. If the antennas are crowded then such diversity conditions may be violated 171. In space diversity systems an antenna separation of 30 to 50 wavelengths is typically required to obtain correlation coefficients strictly between zero and onethird, in which case, for a two-channel maximal-ratio system in a Rayleigh-fading environment, the effect of correlation may be ignored [lo] . However, there are other cases of practical interest where the assumption of statistical independence is not valid. In such cases the diversity gain is grossly overestimated if independent fading is assumed [15] . The effect of correlated fading on the performance of a diversity reception system has received a lot of attention in the literature over the years [ 111-[ 181. Most of these efforts, however, have assumed a Rayleigh-fading channel 11 11-[ 161, and when the Nakagami channel is studied, the analysis is usually limited to the dualbranch diversity system 1171, [18] . For example, Adachi, Feeney, and Parson [16] studied the effect of correlated Rayleigh fading on level crossing rates and average fade durations with predetection diversity for a dual-branch diversity system with selection combining (SC), equal gain combining (EC), and maximal-ratio combining (MRC). For the correlated Nakagami-fading channel, Al-Hussani and Al-Bassioni [ 171 studied the effect of correlation on the performance of a dual-branch maximal-ratio combiner. They found that for the Nakagami-fading environment and for a worst case fading condition and identical signal-to-noise ratio (SNR) in each of the two branches, the performance difference between a single channel and the two channels system increases from 3 to 24 dB as the correlation coefficient decreases from unity to zero.
Miyagaki In this paper we study the effect of correlation on the X > 0 are real numbers, then the distribution of S is an Mperformance of MRC with an arbitrary number of diversity variate gamma-type distribution [19] , each variable of which branches. We assume identical SNRs in each branch and has identical marginal probability density function given by consider two correlation models between the signal envelopes .si-' exp (-sl/6) in the diversity channels. The paper is organized as follows.
W X ) The channel and correlation models studied are discussed in (9) . s1 > 0.
YSl(S1) = Section 11. In Section 111 the characteristics and performance analysis of MRC reception system are presented. Finally, summary and conclusions are presented in Section IV.
If K = [kl,] is the normalized covariance matrix of an M-variate gamma distribution and A = [pZJ] is that of the "accompanying" Gaussian distribution, then [ 19, Lemma I] 11. CHANNEL MODEL
The received signal in the kth channel of an M-branch SI, = -(X,", +x:k).
The sum of the received powers is given by
Let us define the random vector X = [SI. x2. .TY, . . . . -C~J I ] consisting of the ordered sequence of in-pha5e and quadrature amplitudes of the signal on the diversity branches, Le., 2 3 k -l and X Z I , are the in-phase and quadrature signals on the kth branch, respectively.
The joint density function of X is thus
In (4) R is the (2M x 2M) covariance matrix defined by
Next we consider two correlation matrices which characterize the correlation between the fading signals in each of the diversity branches. We shall confine ourselves to cases where the probability density function of S can be easily obtained from (8) and (9). For convenience we assume that A is known and completely characterized by a single parameter p. Given p , the power correlation coefficient k can be obtained from (10). Experimental data on correlation of the fading signals are usually given in terms of envelope correlation because of ease of measurement. Given the envelope correlation, however, the power correlation can be found, and vice versa. In fact, for many practical purposes, both correlations can be taken to be approximately equal [ 151. It should be pointed out that although the implication here is that the power correlation coefficient for the fading signals cannot be negative, negative correlation has been reported between fading envelopes [lo], [20] . For diversity systems, signals with negative correlation coefficient can provide better diversity gain than those with zero correlation. In fact, by suitably choosing frequency differences between the diversity branches, it is possible to design a frequency diversity system in which the diversity branches are negatively correlated. This has been shown to result in a reduced probability of simultaneous deep fades on all the branches over that when the branches are designed to be independent [21], [22] . Two correlation models are presented next.
where E(.) denotes expectation and R is a positive definite matrix which can be shown to have the form [I51
A. Constant Correlation Model
where E(xT) = u2 and A is a M x M square symmetric matrix. Equation (3) can be written as
where I is the 2M x 2 M density matrix and X' is the transpose of X . given in (A-1). For p = 0, (12) reduces to the probability density of the sum of M independent random variables, each of which has the density given by (9).
B. Exponential Correlation Model
We assume that the diversity signals are taken from a configuration which, in some physical sense, are equispaced (either in space, frequency, time, etc.) Given the stationary nature of the overall process, and assuming that all the signals are statistically equivalent, we would expect the correlation between a pair of signals to decrease as the separation between them increases. In this case, Kotz and Adams [25] have shown that the distribution of S can be very closely approximated by where and
Since the first two moments completely determine the Gamma distribution, the "approximate" distribution in (14) is unique. It should also be pointed out that, similar to the constant correlation model, the exact distribution resulting from the exponential correlation model in (13) may not be unique since the correlation scheme, in general, does not uniquely determine a multivariate Gamma distribution. Also, it is observed that the parameter X is asymptotically linear in M while 6' is independent of M . A numerical comparison of the approximate and exact distributions of the sum of identically distributed exponentially correlated Gamma-variates shows that the relative errors between them are very small and may be considered insignificant even for values of M as small as 5 [25].
CHARACTERISTICS OF MRC RECEPTION

A. pdf of SNR
In a Nakagami-fading environment, the magnitude of the received field (in volts per meter) also referred to as signal envelope is characterized by the Nakagami distribution. However, it is more convenient to use the square of the envelope which is proportional to the signal power. The desired signal power S (in wats per meter) is then gamma distributed with probability density given by [6] where m 2 1/2 and S is the average signal power. The constant m is called the (inverse) fading parameter. With m = 1 and m = cc corresponding respectively to the Rayleigh and the nonfading channel [6] .
We assume that the average signal power as well as the fading parameter in each of the M channels of a maximalratio diversity system are identical. The assumption of identical average power is reasonable if the diversity channels are closely spaced and the gain of each channel is such that all the noise powers are equal [15] . The SNR at the output of MRC is given by [lo]
where Yk(k = 1, 2, . . . , M ) is the SNR which is proportional to the short-term power of the lcth channel with the probability density function in (15) and the noise power in the branches are equal. When the branch fading are assumed to be statistically independent, then y is also a gamma distributed R.V. [26] such that However, when the diversity branches are so closely spaced that the branch signal powers are no longer independent, the distribution of y must be written to take the correlation between the branches into consideration. Therefore, for the equal correlation model in (1 l), the probability density function (pdf) 
B. Error Probability of MRC with Correlated Fading
The bit error probability for the optimum detection of nonfading binary signals in Gaussian noise is usually expressed in terms of SNR. For coherent and noncoherent frequency shift keying (FSK) and phase shift keying (PSK) with optimum matched filter receiver, the probability of bit error, Pe, is given Pig. 1.
agami-fading channel with equal correlation and fading parameter ni = 1.
Probability of error versus SNR for NCFSK symbol in a Nak- The special case of a single channel is obtained by substituting M = 1 in (30) . This result agrees with that of Wojnar
[26] for a single interferer in a Nakagami channel. When p = 0 we have r = M and, therefore, (38) becomes which is the same as (27) as is expected. Plots of equation (38) are shown in Figs. 7-8 for different number of diversity branches, fading parameters and correlation coefficients. In each graph, the performance of the MRC system with diversity is compared with that of the system without diversity combining.
For CFSK or CPSK we have, after substituting (19) and (21) 
Probability of error versus SNR for CFSK symbol in a Nakagami
C. Outage Probability
Another performance criterion that is frequently used in cellular mobile radio communications systems is the outage probability. The outage probability Po is the probability that the instantaneous bit error probability of the system exceeds a specified value (say p : ) and can be written as [18] loo ,--- 
The solution y* to (42) can be easily obtained from (20) and (21) as
upon substituting (18) in (41) and using (A-lb)
For the equal correlation model, for 0 < p < 1, we have
where m c = -
Since the function under the double integrals in (44) is continuous in x and t , the order of integration can be interchanged.
Thus, (44) can be written as
The outage probability is obtained by numerically evaluating the integral in (45) where y* is given in (43) for the specified modulation scheme. The fading parameter m( 2 l / 2 ) may take 
where @I( ) is the generalized hypergeometric function which is defined in (A-11).
For the special case of p = 0, the outage probability is obtained by substituting (17) In this paper we have analyzed the performance of MRC diversity systems in a correlated Nakagami-fading environment. To study the effect of correlation on system performance we considered two models in which the correlation among the signals in the diversity branches can be characterized by a single correlation coefficient. In one correlation model the correlation coefficient between the quadrature components of the signals in the diversity branches is constant, and in the other the correlation coefficient decreases exponentially as the separation between the branches increases. It is assumed throughout that the fading in each of the M diversity branches Probability of error expressions are given for NCFSK and CFSK systems with orthogonal and antipodal signalling. It is observed that system performance deteriorates as the correlation between the branches increases. Also, when there is zero correlation, the probability of error expressions obtained reduce to those given in [12] and [20] for the Nakagami channel with independent fading. These results indicate that the effects of correlation cannot be ignored in MRC diversity systems operating in a correlated Nakagami environment. For the special case in which the correlation in the diversity branches can be characterized by a single parameter, we have derived expressions for the system probability of error.
It is noted in [17] , for the independent case ( p = 0 ) , that the deterioration in the performance for smaller values of the fading parameter can be compensated by using a larger number of diversity branches. This appears to still hold in the presence of correlation, and we note from (38) and (40), that it is more obvious in the exponential correlation model. For the equal correlation model, when p equals unity, we see from (28) that the BER performance of an M-branch diversity system is equivalent to that of a single branch but with SNR proportional to M.
Finally, outage probability expressions are also presented for NCFSK and CFSK systems for both the equal correlation and are independent and identical.
exponential correlation models in a Nakagami-fading channel.
